ABSTRACT: For the high-rise building with the basement, it is difficult to identify the position of the embedded fixed end due to the restraints of the backfill soil foundation. The simplified mechanical model of the high-rise building with the basement is established based on several hypotheses, and the mathematical expressions for calculating the elastic lateral displacement and internal forces of the high-rise building with the basement under the inverted-triangle distributed load is then obtained based on the mechanical theory. The influence of parameters β and h/H to four variable parameters are researched, and the four variable parameters are the moment M(0)and shear Q(0) at the bottom plate of the basement, the lateral displacement y(h) at the top plate of the basement, the lateral displacement y(H) at the top of the whole structure. Research indicates that the simplified algorithms of the high-rise building with the basement considering the restraint of the backfill soil foundation are reliable, and can be referred and applied by the researchers and engineers.
INTRODUCTION
Along with the development of economy and the improvement of urbanization in the city, the increasingly scarce land resources are prompting the buildings to extend upward and downward. High-rise buildings, which often take the basement as underground shopping mall, parking garage and the civil air defense engineering, have made a rapid advancement [1] [2] [3] . Because the lateral restraint of foundation is related to the depth of embedded fixed end of high-rise building with basement, the prediction to the constraint of backfill soil is of great significance to ensure the accuracy of the calculation results [4] . Based on elasticity theory, the mathematical expressions for calculating the lateral displacement and internal force of high-rise structures with basement are present this paper, and also the impact on the lateral displacement and internal force of high-rise structures by the elasticity stiffness of backfill soil foundation and the depth of embedded fixed end is analyzed.
RESEARCH AND APPLICATION STATUS
It is well known that all the loads from upper structures are transmitted to the foundation through the basement, and the reaction of the foundation to the basement also impacts on the internal force and displacement response of the structure [5] . Therefore, to accurately analyze the corresponding response under various loads, it is well necessary to consider the interaction among the basement, foundation and the upper structure [6] . Studies have shown that under earthquake and wind load, the lateral restraint around the basement by backfill soil foundation is associated with the elastic stiffness of backfill soil, whereas it is often assumed that the top plate or bottom plate of the basement is the embedded fixed end for simplifying the process of structural analysis, actually the assumption may create a bigger error and further results in waste or the unsafe design [7] [8] [9] .
On June 27, 2009, a 13 floors high-rise residential building overturned and fell down beside Lotus South Road in Shanghai, as shown in Figure 1 . Survey indicates that the excavation of a 4.6 m deep foundation located next to the building for the construction of the underground garage greatly reduces the lateral restraint of the backfill soil foundation, which is one of the main occasions of the building's collapse [10] . A shaking table test on high-rise structures with basement has conducted to indicate that interaction between backfill soil and the basement may decrease the interlayer displacement of structure [11] , as shown in Figure 2 .
In order to reduce the error caused by the hypothesis that take the top plate of the basement as the embedded fixed end of the superstructure, the Chinese Technical Specification for Concrete Structures of Tall Building regulates that for those high-rise structures with one layer or layers of basement, when taking the top plate of the basement as the embedded fixed end of superstructure, the lateral stiffness of the basement should be no less than 2 times lateral stiffness of the adjacent upper structure in addition to satisfy the construction requirements [9] . 
MECHANICAL MODEL AND BASIC HYPOTHESES

Mechanical model
The high-rise structure with the basement is composed of two parts, namely the superstructure and the basement, and its mechanical model is depicted in Figure 3 . The upper structure and the basement are treated as a whole in this model and the lateral restraints to basement by the backfill soil foundation is simulated by springs, and the spring stiffness k may reflect the degree of the backfill soil constraints. 
Basic hypothesis
The mathematical expressions for calculating the lateral displacement and internal force of high-rise structures with basement are derived based on elastic theory, and the following four hypotheses are adopted [2] :
(1) The embedded fixed end of the entire structure is located at the bottom plate of the basement;
(2) The flexural stiffness E 1 I 1 of the basement, the flexural stiffness E 2 I 2 of the superstructure, and the spring stiffness k for simulating the lateral restraints to basement by the backfill soil foundation are all constant; (3) The shear deformation of the structure is not considered; (4) The lateral loads on the superstructure conform to an inverted-triangle distribution.
Determination of Parameter k
According to the geological parameters measured in practical engineering, the lateral subsoil reaction coefficient k can be determined approximately by the following methods [12] [13] [14] : (1) For the clayey soil available, the lateral subsoil reaction coefficient k equals to (8~l2)q n , where q n is the unconfined compressive strength measured in practice.
(2) The lateral subsoil reaction coefficient k can be predicted by k=4N(63. 5) , where N(63.5) is the standard penetration function tested in practice.
(3) The lateral subsoil reaction coefficient k can be obtained by equation k=4αα′E 0 β s -0.75 , where α is the correction coefficient, α′ is the profile correction coefficient, E 0 is the foundation deformation modulus, and β s is the foundation conversion width under horizontal load. At height x, the value of the lateral load with inverted triangle distribution is
where q(H) is the value of the lateral load with inverted-triangle distribution at the top of the structure, H is total height of the whole structure, and h is depth of the basement.
Through integral, the bending moment M (x) and shear Q (x) at height x equal to 3 3 2
Thus letting x=h, the bending moment M(h) and shear force Q(h) at the top plate of the basement can be expressed as
Response of the basement
In order to study the response of the basement (x ≤ h), the micro-segment dx along the height of the basement is selected, as depicted in Figure 5 . According to the equilibrium equation ∑Y=0, the following expression can be arrived
where p(x) is the reaction forces from backfill soil foundation, k is the elastic stiffness by the backfill soil foundation, and y(x) is the lateral displacement of the basement at height x. According to ∑M=0, omit the second order infinitesimal, and then it can get
Substituting Equation (7) into Equation (6) leads to
Based on material mechanics [13] , we may know that:
where E 1 I 1 is the flexural stiffness of the basement.
Then Substituting Equation (9) into Equation (8), it can be arrived that 
where β is the strong-weak relation parameter between the elasticity stiffness k of the backfill soil of foundation and the flexural stiffness E 1 I 1 of the basement. According to the geometric boundary conditions y(0)=0 and y′(0)=0, the Equation (11) can be expressed as:
From the mechanical boundary conditions M(h)= -E 1 I 1 y″(h) and Q(h)= -E 1 I 1 y′′′(h), we know that the coefficients in Equation (12) 
Letting x=0, the internal forces M(0) and Q(0) at the bottom plate of the basement are
Response of the superstructure
Under the action of horizontal load q(x), the horizontal displacement y(x) of the superstructure consists of two parts: one part is the horizontal displacement y 1 (x) caused by deformation of superstructure itself while taking the top plate of the basement as the embedded fixed end, as shown in Figure 6 (b); another part is the horizontal displacement y 2 (x) caused by the horizontal displacement y(h) and rotation y′(h) at the top plate of the basement while taking the bottom plate of the basement as the embedded fixed end, as shown in Figure 6 (c).
According to the superposition principle, the horizontal displacement of the superstructure is 
In the Equation (16) 
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where y 1 (x) is the horizontal displacement caused by deformation of aboveground itself while taking the top plate of the basement as the fixed end, y 2 (x)is the horizontal displacement caused by the horizontal displacement y(h) and rotation y ′ (x) at the top plate of the basement while taking the bottom plate of the basement as the embedded fixed end, y(h) is the horizontal displacement at the top plate of the basement while taking the bottom plate of the basement as the embedded fixed end, y ′ (h) is the rotation at the top plate of the basement while taking the bottom plate of the basement as the embedded fixed end.
Taking the top plate of the basement as the embedded fixed end, and select a micro-segment randomly, as depicted in Figure 7 below. According to the equilibrium equation ∑Y=0, it can be get
From ∑M=0 and omit the second order infinitesimal, the following expression can be arrived
Then Substituting Equation (19) into Equation (18), it can be arrived that
where E 2 I 2 is the flexural stiffness of the superstructure.
For solving Equation (20)
According to the boundary condition y 1 (h)=0, y ′ (h)=0, y 1 ″ (H)=0 and y 1 ′″ (H)=0, we know that the coefficients in Equation (21) 
Example introduction
The total height H of the example is 100 m, and both the basement flexural stiffness E 1 I 1 of the superstructure and the flexural stiffness E 2 I 2 of the basement equal to 7.52E+09 kN·m 2 , and the maximum value of the inverted-triangle horizontal load q(H) at the top of the structure is 71.57 kN/m. The influence of parameters β and h/H to four quantities are expected to be analyzed, and the four quantities are respectively the moment M(0)and shear Q(0) at the bottom plate of the basement, the lateral displacement y(h) at the top plate of the basement, the lateral displacement y(H) at the top of the whole structure.
Influence of the parameter β
As shown in Figure 8 (a) below, the backfill soil foundation almost has no restriction to the basement when the parameter β is close to zero, at this time the moment M(0) at the bottom plate of the basement approaches to maximum; With the increase of the parameter β, the constraint of backfill soil foundation strengthens gradually, correspondingly the moment M(0) at the bottom plate of the basement decreases, and when the moment M(0) at the bottom plate of the basement approaches to zero, the top plate of the basement could be considered as the embedded fixed end.
Known from Figure 8 (b) below, the constraint of the backfill soil foundation strengthens gradually with the increase of parameter β, and simultaneously the shear Q(0) at the bottom plate of the basement not only decreases gradually but also decreases faster and faster.
As shown in Figure 8 (c) below, the lateral displacement angle y(h)/h at the top plate of the basement roof decreases gradually with the increase of the parameter β, which illustrates that the lateral displacement of the basement can be effectively reduced by improve the constraint of the backfill soil foundation.
The analysis of the Figure 8 (d) below shows that the lateral displacement angle y(H)/H at the top of the superstructure decreases gradually with the increase of parameter β, which means that the top lateral displacement at the top of superstructure decreases by improving the constraint of the backfill soil foundation. 
Influence of the parameter h/H
The parameter h/H is the proportion of the depth of the basement relative to total height.
As shown in Figure 9 (a) below, the moment M(0) at the bottom plate of the basement floor decreases gradually with the increase of h/H, and always decreases linearly regardless of the influence of the parameter β.
Known from Figure 9 (b) below, the shear Q(0) at the bottom plate of the basement floor also decreases gradually with the increase of h/H, and nonlinearly decrease faster and faster with the increase of the parameter β.
The analysis of the Figure 9 (c) below shows that the relationship between y(h)/h and h/H are related to the parameters β. The lateral displacement angle y(h)/h monotonically increases with the increase of h/H when the parameter β is smaller than 0.003; However, the lateral displacement angle y(h)/h firstly increases to the maximum value and then decrease with the increase of h/H when the parameter β is equal to or bigger than 0.003.
From Figure 9 (d), we know that the constraint of the backfill soil foundation is strengthened with the increase of h/H, therefore the lateral displacement angle y(H)/H at the top of the superstructure decreases gradually with the increase of h/H, and the top lateral displacement at the top of superstructure decreases correspondingly. 
CONCLUSIONS
The simplified algorithms of the lateral displacement and internal force of the high-rise structures with the basement under the inverted-triangle distributed load are suggested in this paper, and the influence of parameters β and h/H to four quantities M(0), Q(0), y(h) and y(H) are researched respectively. Studies indicate that the response of the structure with the basement under the horizontal load may be better predicted by considering the influence of the backfill soil foundation stiffness k and the depth h of the basement. The suggested mathematical expressions for calculating the elastic lateral displacement and internal forces of the high-rise building with the basement are reliable, and can be referred and applied by the researchers and designers.
